Antisera were prepared which reacted specifically with different antigens in the capsid of adenovirus type 5, viz. hexons, pentons, fibres and penton bases. A rabbit antiserum was obtained which reacted with another antigen (designated P) formed during the early stages of the infectious process. This antigen is similar to the T antigen associated with infection by the oncogenic adenoviruses. Using the specific antisera and the P antiserum a study was made of the properties and sequence of development of the antigens in single-step infection. The time of appearance of the antigens was a function of the added multiplicity of infection. The P antigen was detected early in infection and was followed 4 hr later by the fibres and hexons and a further 2 hr later by the penton bases. The appearance of the penton bases was accompanied by an increase in infectivity. Haemagglutination and the ability of the antigens to inhibit cell spreading were measured and it is concluded that relatively late in infection the capsid antigens are no longer incorporated into virus particles and can be detected as free antigens.
INTRODUCTION
Cells infected with adenovirus type 5 produce considerable quantities of three distinct soluble antigens. The morphology of these antigens was studied in detail by Valentine & Pereira 0965) and correlated with the morphological features of the icosahedral capsid of the virus (Fig. I) . As a result of these and related studies (Wilcox, Ginsberg & Anderson, I963 ) the antigens were designated hexon, penton and fibre (Ginsberg et al. I966) . The hexons form the 240 capsomeres on the capsid that have six nearest neighbours. The other twelve capsomeres on the vertices of the icosahedron are the pentons which have five nearest neighbours. The pentons are composed of an approximately spherical base and a tail with a knob on the end (the fibre). The hexons, pentons and fibres (formerly called antigens A, B and C respectively) can be readily separated and purified by chromatography on DEAE columns (Klemperer & Pereira, I959) . Specific antisera prepared against these purified antigens were used to study some properties of the antigens and to follow the development of the antigens in virus infection.
In studies on cells infected with adenoviruses types I2 and I8 a number of investigators (Hoggan et al. I965; Gilead & Ginsberg, I965; Shimojo et al. I966) demonstrated that an antigen immunologically distinct from the capsid antigens is synthesized early in infection. This antigen could be detected by complement fixation and gel diffusion (Berman & Rowe, I965) with sera from hamsters bearing tumours induced by the viruses. One distinctive feature of this early antigen was that its biosynthesis was not affected by inhibitors of DNA synthesis (Gilead & Ginsberg, 1965) .
A similar antigen, designated the P antigen, was detected by complement fixation using a rabbit antiserum prepared against an extract of cells harvested after infection with adenovirus type 5 in the presence of an inhibitor of DNA synthesis. Some of the properties of this antigen and its development in infected cells are described. 
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METHODS
Preparation of virus seed. The virus (type 5, strain AD 75) was propagated either in HeLa cells as described previously (Pereira, Allison & Balfour, 1959) or in a line of human embryo kidney (HEK) cells cultured in Eagle's medium containing I o 70 tryptose phosphate broth and IO 7oo calf serum. After infection the ceils were maintained in medium containing o'5 70 calf serum. Partially purified virus, appreciably free of soluble antigens, was used as a virus seed and was obtained by homogenization of infected cells in fluorocarbon followed by equilibrium density centrifugation in caesium chloride. The development of adenovirus antigens 497 Uppsala) equilibrated with the same buffer. The column was eluted with increasing molarities of sodium chloride either in a step-wise or continuous gradient as described by Klemperer & Pereira (I959) . By recycling the chromatographed antigens, fractions apparently free of contamination by the other antigens could be obtained. The antigens were assessed for their purity by their ability to produce a monospecific antibody response when inoculated into guinea pigs, their behaviour on acrylamide gel electrophoresis, and their lack of reaction in immunodiffusion or complementfixation tests with antisera to the other antigens (Pereira, unpublished results) .
Preparation of antiserum against P antigen. Rabbit kidney (RK 13) cells (apparently free of mycoplasma) were cultured in medium I99 containing Io ~o rabbit serum in 6o oz Winchester bottles rotating on their horizontal axes (House & Wildy, I965) . The cells were infected with a partially purified virus seed (in medium containing rabbit serum) at an added multiplicity of about I o TCD 5o per cell, in the presence of cytosine arabinoside 2o #g./ml. Ninety hr later when the cells were scraped off, there was no visible cytopathic effect. The cells were washed twice in phosphate buffered saline and then disrupted by treatment in an ultrasonic bath (Burndept) for a few minutes. The extract was centrifuged at roo,ooo g for I hr and the supernatant fluid removed and centrifuged again at Ioo,ooo g for I hr; the supernatant fluid was then irradiated with ultraviolet light for Io min. with a dose of 4 × IOa ergs cm. ~ see.
The extract of soluble antigens, apparently free of infectious virus, thus obtained was inoculated intramuscularly with complete Freund's adjuvant into rabbits. Three intravenous boosts of antigen were given at weekly intervals and the rabbits bled Io days after the last injection.
Preparation of antisera against eapsid antigens. Antisera were prepared in rabbits and guinea pigs by inoculating o.I ml. of purified antigen emulsified in complete Freund's adjuvant into each footpad. The animals were bled 3 weeks later.
Complement fixation was performed by a micro method in perspex plates (Pereira, 1956 ) using o'oz5 ml. unit volume. Complement fixing (CF) activity is usually expressed as that dilution of antigen or serum which showed fixation of 2 units of complement after overnight incubation at 4 ° . Sometimes the complement fixation is expressed as specific activity per mg. of protein (CF/P); with purified antigens this gives a measure of the sensitivity of the reaction.
Haemagglutination was done at 37 ° in Takatsy microtitre plates with a unit volume of o'o25 ml. and o.75 70 suspension of rat (Sprague-Dawley) erythrocytes with and without the addition of adenovirus type I antiserum at a dilution of I/2OO. Under these conditions adenovirus type 5 pentons caused haemagglutination both in the presence and absence of heterotypic serum, whereas the fibres agglutinated only when this serum was present (Pereira & de Figueredo, I962) . Haemagglutination titre (HA) is expressed as the reciprocal of the dilution agglutinating 5o 70 of a suspension of o'75 70 rat erythrocytes. Sensitivity of the assay was determined by HA per mg. of purified antigen protein, (HA/P).
Infectivity titrations. Infectivity assays were made in test tube cultures of HeLa or HEK cells as described previously (Pereira et aL I959) . Virus seeds were titrated by a plaque assay involving infection of HEK cells in suspension, followed by plating out the cells in the presence of carboxymethyl cellulose (Russell, I962 ) . Plaques were evident after 6 to 7 days and reached their maximum after 8 days' incubation.
Inhibition of cell spreading. It has been found (Sanderson, unpublished results) that 498 w.c. RUSSELL, K. HAYASHI, P. J. SANDERSON AND H. G. PEREIRA preparations of penton antigen of adenovirus type 5 inhibit the spreading of some types of cells on glass. Preparations of hexon and fibre antigens from the same virus do not show this property. This technique was used to detect the presence of pentons in fractions from the growth experiments. A sample of o-I ml. of a I/5 dilution in saline of each fraction to be examined was introduced into a 3 in. x ½ in. test tube and an equal volume of a HeLa cell suspension in Eagle's medium with Io % calf serum was added. The suspension contained Ioo,ooo cells/ml. The mixtures were incubated at 37 ° in an atmosphere of 5 % COs for I hr with agitation at I5 rain. intervals. At the end of incubation 2"5 ml. of medium was added to each tube and 0. 9 ml. of the diluted mixture plated into each of two wells of 15 mm. diameter made by adhering stainless steel rings to optically flat Petri dishes. The Petri dishes were then incubated for 4 hr at 37 ° in an atmosphere of 5 % CO2, when the medium was removed and the cells were fixed and stained. The base of each well was examined with a x Io objective and the number of spread cells lying over one diameter was counted.
Growth experiments. HEK cells were grown in monolayers, dispersed by a trypsin+ ethylenediaminetetra-acetate (EDTA) mixture (oq25 ~o trypsin in o'o05 M-EDTA, pH 7"2) and then washed in Eagle's medium containing ~o % tryptose broth and o'5 % calf serum (ETC). The cells were infected by shaking in suspension at 37 ° for 3o min. with the partially purified virus seed, centrifuged at ~5o g for 5 min. and then resuspended in ETC and plated out as monolayers in medical prescription bottles. All these operations were done at 37 ° .
Protein determinations were made by the method of Lowry et aL (195I) with bovine serum albumin as the standard; 4o mm. micro cells were sometimes used with the micro-cell holder of the Unicam SP 5oo spectrophotometer.
RESULTS
Specificity and relative sensitivity of antisera against capsid antigens
Antisera against hexons, pentons and fibres were used in complement-fixation tests at the optimal dilutions of sera. The antiserum against hexons was specific and did not cross-react with penton or fibre antigens. Antiserum against fibres reacted against both fibre and penton antigens since the latter antigen has the fibre antigen as one of of its components. Similarly antisera against pentons also reacted with both penton and fibre antigens. However, some guinea pig antisera prepared against purified penton antigen reacted only with penton antigen at higher dilutions of serum--thus the antisera at these dilutions reacted specifically with the base of the penton. Two of these sera--GP24 and GP27--were used in the investigations (Table I ). The relative sensitivity of these sera in complement-fixation tests was assessed by reaction with twice chromatographed antigens of known protein concentrations. The specific antisera against all the capsid antigens were of approximately similar sensitivities ( Table 2) .
Specificity of antiserum against the P antigen
The antiserum against the P antigen was tested for complement fixation at various dilutions against the capsid antigens. A very limited reaction was recorded at low serum dilution (I/IO) against purified hexon antigen but not against fibre or penton antigen. At higher dilutions of serum there was no fixation with hexons but there was significant fixation with extracts of infected cells and not with extracts of control cells.
Time of appearance of the P antigen
When extracts of infected cells harvested at various times after infection were tested there was fixation at times before the capsid antigens became apparent. In the presence of cytosine arabinoside (20/*g./ml.) the appearance of the capsid antigens was delayed but there was no apparent effect on the development of the P antigen (Table 2 ; Fig. 2A, B) . 
Thermal stability of antigens
Purified antigens in phosphate buffered saline and extracts of infected cells reacting with antisera against P antigen were heated at 5 60 for Io min. and then tested for complement fixing ability. The P antigen and the base of the penton were not antigenically stable under these conditions (Table z) .
Development of antigens in infection
HEK cells were infected in suspension at added multiplicities of infection varying from 5ooo to 8 p.f.u./cell and cells harvested at 2 hr intervals. The extracts of infected ceils were tested for complement-fixing ability using the specific antisera described before (Fig. 3) . The time of appearance of the antigens was directly related to the multiplicity of infection (Fig. 4 ) and in agreement with the earlier experiments, the P The development of adenovirus antigens 501 studies were made with similar added multiplicities of infection and showed that almost all the cells were infected under these conditions (to be published).
To confirm the sequence of appearance of the antigens a further growth experiment was made at an added multiplicity of infection of 2oo p.f.u./cell, and samples of cells were harvested at half-hour intervals from IO to I6 hr. Samples were also taken immediately after infection (viz. ½ hr) and at I8 and 36 hr. These cell extracts were assayed for complement-fixing antigens, for haemagglutination with and without heterotypic antiserum and for their ability to inhibit cell spreading. As in the previous experiment, the P antigen was apparent at I o hr; between.Io½ and I I hr the fibres and hexons appeared and between IZ½ and 13 hr the penton bases appeared (Fig. 5) . Indirect haemagglutination--a measure of fibre antigen--was present at i2 hr (Table 3) , and increased rapidly to higher titres by 36 hr. However, direct haemagglufination which measures penton antigen was not evident until 36 hr. Haemagglutinafion is as sensitive as complement fixation in detecting the purified fibre and IP: 54.70.40.11
On: Thu, 13 Dec 2018 01:24:54 502 w . c . RUSSELL, K. HAYASHI, P. J. SANDERSON AND H. G. PEREIRA penton antigens. F u r t h e r confirmation of the later appearance of the penton base was obtained by measuring the ability of some of the fractions to inhibit cell spreading. The first significant indication of inhibition occurred a b o u t z4 hr after infection (Table 3 ). W i t h the appearance of the penton base presumably all the components are available for assembly into the complete virion and it is relevant to note that infectious virus increased rapidly in parallel with the appearance of the penton base from I212 -to I6 h r after infection. In the growth experiments the P antigen a p p e a r e d to show three separate stages of development. The first phase was characterized by an initial early increase to a modest C F activity; the second phase coincided with the appearance o f the hexon a n d fibre The development of adenovirus antigens 503 antigens when the P antigen further increased to reach a higher plateau of CF activity. The third stage was evident when the virus infectivity reached its higher levels. At this phase there appeared to be a significant decrease in the CF activity against anti-P serum. To investigate the significance of this apparent diminution in CF activity a 'three-dimensional' complement-fixation test was made on a further series of samples harvested at 12, I6, 18, 20 and 36 hr after infection at an added multiplicity of 2oo p.f.u./cell. At different concentrations of complement with the same concentration of antiserum there were significant variations in the fixation of complement at 18 and 20 hr compared to other times; there was an increase in CF titre with the higher dilutions of complement and a relative depression at the lower dilutions of complement (Fig. 6) . Similar results were obtained with other dilutions of the antiserum. The significance of these results is difficult to assess and is referred to below. 
DISCUSSION
Previous investigators have shown that the biosynthetic steps leading to the production of infectious adenovirus particles are a sequence of events consisting of the production of viral messenger RNA followed by the appearance of viral DNA, capsid antigens and then infectious virus (Wilcox & Ginsberg, 1963; Flanagan & Ginsberg, i964) . One of the main features of the production of adenovirus is the apparent inefficiency of the process; only about IO ~ of the DNA synthesized appears to be incorporated into the final product (Ginsberg & Dixon, I959; Green, 1962) while the capsid antigens are made in such excess that they accumulate as protein crystals in the nucleus at later stages of infection (Godman et aL 196o) . Nothing is known of the 'early' events in infection, other than that messenger RNA can be detected before infectious virus is synthesized (Flanagan & Ginsberg, 1964) .
We have made a more detailed examination of the time of formation of the various 32-2 504 w.c. RUSSELL, K. HAYASHI, P. J. SANDERSON AND H. G. PEREIRA antigens associated with adenovirus infection. A reasonable degree of synchrony of infection can be achieved by infecting cells in suspension with a partially purified virus seed; under these conditions 90 ~o of the added virus is adsorbed to the cells within 15 rain. Of particular value in the present study was the availability of antisera reacting specifically not only with the antigenic complexes represented by hexons and pentons but also with particular components of the pentons such as the fibre and the base. Also of importance was the demonstration of a hitherto undescribed antigen formed during the early stages of the infectious process. This P antigen shows many similarities to the T (or neo-antigens seen in infection with the oncogenic adenoviruses. Thus, it can be detected before the appearance of the capsid antigens, it is not suppressed by the presence of a DNA inhibitor and it is relatively thermolabile (Gilead & Ginsberg, I965; Hoggan et al. I965) . Attempts to purify this antigen by chromatography and other means have so far been unsuccessful probably because of the lability of the antigen under the conditions used. The experiments on the development of the antigens at different multiplicities show quite dearly that the time of appearance of the antigens is a function of the multiplicity of infection. Thus, at an added multiplicity of 500o p.f.u./cell the P antigen was first detected at 6 hr and the capsid antigens at IO hr, whereas at a multiplicity of 8 the P antigen could not be detected before Io hr and the capsid antigens not before 16 hr. The synthesis of the capsid antigens, once begun, proceeded at a similar rate at all multiplicities, in contrast to the P antigen which had a more varied course during infection. These results may be compared with those found by others in vaccinia virus infection. With vaccinia virus the changes resulting from infection are much faster and by 5 hr Cairns 096o) found that the cells were producing virus antigen and DNA in cytoplasmic 'factories'. Cairns studied two multiplicities of infection (6.o and 0.6) and since the median time of appearance of the viral factories at the higher multiplicity coincided with the earliest time at which they could be detected in singly infected cells he concluded that the effect of increasing multiplicity was to synchronize the response of the cells rather than to reduce the minimum time interval between infection and virus synthesis. It was assumed that a preparatory period, the same in all cells irrespective of multiplicity, must elapse before virus synthesis can start and, in addition, that some critical act of initiation must be accomplished by one of the particles infecting the cells. Joldik 0964) studied the process of 'uncoating' of vaccinia virus and found that the extent of uncoating was unrelated to the multiplicity but that the length of the lag period before uncoating depended on the multiplicity of infection. He concluded that the asynchrony noted by Cairns was due in large part to asynchrony in uncoating at the lower multiplicity. It seems from our experiments that the different times of appearance of the adenovirus antigens at the higher multiplicities cannot be ascribed merely to asynchrony of response. Thus, Fig. 3 and 4 show that once the capsid antigens have begun to be synthesized the process continues at approximately the same rate and the penton base component appears 2 hr later regardless of multiplicity. These findings suggest that there is a critical early event in the infective process, governed by the multiplicity of infection, and this results in the earlier appearance of the antigens at the higher multiplicities.
Current ideas on virus infection envisage the uncoating of the invading virus particle in some fashion so that the virus nucleic acid can be made available for synthesis of the messenger RNA and this, in turn, allows the production of virus specific proteins.
These proteins can be placed into two groups: those concerned with ' early' functions and those with 'late' functions. The late functions appear to be those concerned with the production and assembly of the components of the virus. In the case of adenovirus these would be viral DNA and the capsid antigens. What happens at the early stage is at present largely conjecture but there are indications that the production of enzymes and the synthesis of certain regulatory proteins may be involved; in adenovirus infection one of these 'early' proteins could be the P antigen. It seems reasonable to envisage that each of the infecting virus particles in a multiply-infected cell could participate in this process if its template were used for production of messenger RNA. Since the critical event in adenovirus infections seems to occur early in infection and results in the earlier appearance of the antigens at higher multiplicity, one possibility is that the critical act could take place when one of the early proteins (perhaps the P antigen) reaches a threshold level. In a multiply-infected cell this will occur sooner since more messenger RNA will be available to make the early proteins. One other possibility is that the early critical event could be concerned with the speed of uncoating as suggested by Joklik for vaccinia virus.
Our experiments also indicate some further differences in the properties of the base of the penton from the other structural antigens; Pereira (I96O) reported that this component is trypsin sensitive and we have shown it to be relatively heat labile and to be produced significantly later than the hexon and fibre antigens. It is also interesting that the penton bases can be detected by complement fixation about z hr after the appearance of the hexons and fibres, whereas the free pentons measured by direct haemagglutination require an even longer period to be detected. Since the haemagglutination technique is just as sensitive as complement fixation in detecting pentons, this suggests that the penton bases produced at the beginning are not incorporated into free pentons but are preferentially assembled into the virus particle. At the later stages they are, for some reason, no longer able to be incorporated into the virus particle and hence can be detected in association with the fibre as free pentons. It could also be reasoned that since indirect haemagglutination is similarly just as sensitive as complement fixation in measuring free fibre antigen, and since the latter method detects fibre antigen about I hr before the former, then either the fibre antigen is already incorporated in these early stages into the forming capsid or the complete fibre antigen (perhaps necessary for haemagglutination) has not been manufactured at that time. The development of the capsid antigens appears to progress in two stages--an initial rapid rise followed by an appreciably slower increase in development (Fig. 5) . It is relevant that, in this experiment, the determination of CF activity was made on 'soluble' antigens, as the infective virus had been removed by ultracentrifugation. It thus seems reasonable to suggest that the second, apparently slower, stage in the development of the capsid antigens is the result of the incorporation of a considerable quantity of antigen from the soluble antigen pool into maturing virus. One puzzling feature of these experiments (as in those of other investigators) is the apparent inefficiency of the maturation process. Green (I962) showed that in adenovirus infection viral DNA is made in excess, and since the capsid antigens have been shown to accumulate later there must be some other limiting factor to account for the situation.
The development of the adeno i2 T antigen in human cells has been followed by a number of investigators (Hoggan et aL I965; Gilead & Ginsberg, I965; Shimojo et al. I966) . All have shown the appearance of the antigen before the capsid antigens but the later development of the antigen is not so well documented. Thus, in one case, the T antigen was shown to increase significantly as the capsid antigens appeared whereas this was not so in the other investigations. In one series of experiments the T antigen was shown to decrease appreciably at later times, a situation not evident in abortive infection of hamster cells, when the T antigen can be detected and does not diminish at comparable times. It is difficult to compare directly these investigations especially since anti-tumour sera are known to differ quite substantially in their complementfixing properties: thus, some anti-tumour sera are known to react with fibre antigen (Huebner et aL I964; Berman & Rowe, I965) . However the P antigen, in its time of appearance and development, is very similar to the adeno T antigens. Since we thought it important to decide whether the P antigen could behave like adeno T antigen and diminish appreciably in lytic infection at later times, a more critical analysis of the complement fixing ability of the P antiserum was attempted. However, the significance of the three-dimensional complement-fixation test with this antiserum at the later times of infection is not clear. One possible explanation could be that there is some change in the antigenic configuration of the protein(s) of the P antigen at these times, resulting in a different requirement for complement by the antigen-antibody complex. It also emerges from these investigations that the T antigen is probably not a unique characteristic of infection by tumour viruses, since a similar antigen can be detected in infection with a virus which has not, as yet, been shown to be oncogenic. The function of the T and P antigens is, at present, largely a matter of conjecture and it has been suggested that they may be precursors of viral components or enzymes necessary for replication of the virus. One other possibility is that these antigens (or components of them) are viral internal proteins. If this were the case, they would presumably be intimately connected with the viral nucleic acid and would perhaps be responsible for arranging the configuration of the nucleic acid and hence of the capsid antigens; they could therefore provide a limiting factor in the maturation of virus during the growth cycle. It should be noted that on morphological considerations alone over 40 ~o of the space inside the capsid of adenovirus is unaccounted for (Valentine & Pereira, I965) and hence there would be sufficient room for an internal protein or proteins. The possibility that adenovirus contains an internal (i.e. non-capsid) protein and that this protein is related to the P antigen is considered in the following communications.
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